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1. INTRODUCTION

Thermal batteries have been used exten-
sively in military ordnance since the early
1950's.13* The batteries are based on fused
salt electrochemical ceils, examples of which
have been known and investigated since
1877.48 The possible number of combinations
of anode, cathode, and electrolyte materials
for use in thermai cells is virtually unlimited,
and many reviews of thermal batteries are
available.3.8.10

The number of thermal battery elec-
trochemical systems actually used in military
hardware 1s quite lmited, however. Early
investigations1'-13 demonstrated difficulties
with many individual systems and types of
systems that appear to preclude their practical
useé for most applications. The basic con-
siderations used !o eliminate these systems
were the necessity to maximize electrical out-
put, reliability, and storage life while minimiz-
ing cost and handling difficulties. Such elimina-
tions were necessarily done on an empirical
basis, and while they appear generally sound,
a reinvestigation of some of these systems in
the light of cuirent knowledge and re-
quirements may be helpiul.

At the present time, a single elec-
trochemical system, the Ca/LiCl-KCl eutec-
tic/CaCrO, system, is used in most production
thermal batteries. Gther systcms in use tend to
be slight variations of this system with similas
or shghtly inferior electrical capabilities. The
variations usually seen have V,05 WO,
KoCrQ,4, or PbCrO, in place of CaCrO, as a
cathodic material; magnesium rather than
calcium as an anode; and LiBr-KBr as an elec-
trolyte. Specific tradeoffs available, such as
fong life in pface of high voltage or high voitage
in place of either reliability or wide operating
temperature range, may make orie system
markedly attractive compared with others for

“Literature references are listed on pages 15 through
20

specific applications, particularly if factors
such as availability of materials and local
economic conditions are considered.

The Cal/LiCl-KCl eutectic/CaCrO, system
has a number of desirable characteristics.
Relatively high currents can be drawn over a
wide operating temperature range, the LiCl-KCI
eutectic is chemically stable with a high
decomposition potential, and the calcium
anode exhibits a high cell voltage versus
CaCrO,. Typical cell operating parameters are
2.6 Vicell at a current density of 50 mA/cm?2
over the temperature range of 400 to 550 C.
When properly fabricated, this system is highly
reliable and can be made to function for times
ranging from< 1 minto 2 1 hr.}4

It is seen, therefore, that from the virtually
unlimited number of electrochemical systems
available, only a handful of highly similar
systems is in use. The reasons for the superior
periormance of these systems are poorly
understood. Even for the basic Ca/LiCI-KCI
eutectic/CaCrO, system, which has besn in ex-
tensive use for more than 10 years,'S many
fundamental questions remain unanswered.
For example, recent termination of a CaCrO,
manufacturing source resuited in the need to
duplicate exactly that particular variant of
CaCrQ,, This required an extensive research
program'® that has not been entirely suc-
cessiul after 5 years' effort. Problems such as
this emphasize the importance of the state-of-
the-art approach to thermal battery
technology. A cohesive empirical framework is
required that can be checked continually for
possible revisions as new techniques,
matertals, and insights become available.

Improvements in the Ca/LiCl-KC! eutec-
tic/CaCrO, system appear to be possible. For
example, the CaCrO, cathicde lies about 0.6 V
above the chlorine decomposition potential.
Ditterent cathodic materials that could operate
closer to the chicrine decomposition potential
could add up to 0.6 Vicell to the system. Two of
the most serious problems with the Ca/LiCI-KCl
eutectic/CaCrQO, system at the present time
are both associated with the calcium anode.
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The ‘irst problem is the formation of Cali,
alloy 6 This problem s usually reduced in
practical systems by the use of Le Chatelier's
Principle, that is, by manipulating the concen-
trations of various materials (such as calcium
ions n the electrulyte) in order to reduce the
tendency of the alloy to form.'7 When the
Cali, alloy (melting point, 230 C) does form at
the anode surface, it forms in the molien state
at the ordinary operating temperature of the
thermal cell (400 to 550 C) and can flow down
the cell stack and cause catastrophic short cir-
cuiting. The reason for the formation of the
Cal.i, alloy is not clearly understood, but it has
been proposed!® that calcum lies above
lithium in the electromotive force (emf) series
in molten LiCl-KCi and the hithium simply plates
out on the more electronegative calcium.

The second major problem with the
calcium anode at present is the tendency to
form insoluble salt films (most notably, KCaCl,)
at the calcium surface.'® This phenomenon is
most serious in long life (>5 min) thermal bat-
teries, but may affect the pulse current
capabilties of even short life batteries. One of
the obvious solutions to this problem is
elimination of potassium ions from the elec-
trolyte. Electrolytes in which potassium ions
have been eliminated have already been used
n practical batteries, but not in conjunction
with the calcium anode.20

The present effort in therma: battery
technology to eliminate these major problems
with the Ca/LiCI-KCl eutectic/CaCrO, system is
tne use of lithium alloy anodes in the piace of
calcium. Alloys of fithium with boron, silicon,
and aluminum have been investigated.21-23 In
addition, pure lithum has been used as the
anode with proper confinement tech-
niques.202« These anodes eliminate the Cal.i,
alloy problem entirely and permit much higher
curients to e drawn withou: insoluble salt for-
mation, but the high chemical reactivity of
fithium results in many prucessing, assembly,
and storage problems. The voltage of such
cells has been low (typically, 1.8 Vizell at 50

mA/cm? over the temperature range 400 to
550 C). This voltage is low because the anodic
potential of the alloyed lithium is depressed
and because suitable high potential cathodes
that do not interact chemically with the iithium
have not been faund. In addition, cell construc-
tion is inherently more complex then for the
CalLiCI-KC! eutectic/CaCrO, system, again
due to the high chemical reactivity of lithium.

Because both the presently used svstems
and their proposed replacements show serious
problems, a study was initiated to investigate
these problems theoretically and empirically.
This study was designed primanly to in-
vestigate the suitability of the new lithium
anode thermal cells for Harry Diamond
Laboratories (HDL) fuzing requirements, but
other alternatives may be considered if
necessary.

2. PRESENT THERMAL BATTERY
ELECTROCHEMICAL SYSTEMS

The CalLiCi-KCl eutectic/CaCrO, system is
the most widely used thermal battery elec-
trochemical system at the present time, and
detailed investigations of this system date
back to the middle 1950’s.18 Mary changes in
cell construction and processing techniques
have occurred since then. These have been
due partly to results of studies and improve-
ment of the basic electrochemical ana proc-
essing parameters;25-30 partly to im-
provements in associated pyrotechnic
materials, thermal insulators, and assembly
techniques;%15 and partly to changes in elec-
tnical requirements as fuzes evolved from
vacuum tube to transistor technology. Vacuum
tube technology fuzes required multiple
voltages ranging from a few volts to several
hundred volts and currents ranging from a few
microamperes to several amperes for plate,

" grid, and filament voltages. Thase varied out-
puts often came from a single battery, and
many ingenious geometric formulations and
processing techniques were used.
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Most of these techniques were pro-
prietary, but some general examples are
available.930 With the advent of transistor
technology, the single voltage output battery
operating at a few tens of volts at currents
ranging from perhaps 100 mA to 1 A became
more standard. Pulse currents of a few
amperes for a few milliseconds are frequently
required. In addition, lifetimes changed from
less than 5 min to include required 'fetimes of
up to 1 hr or more.3! The battery design for the
transistorized fuze is quite simple compared
with the earlier designs and consists almost in-
variably of the peliet-type technology.15

in the pellet-type technology, a thermal
cell with its associated pyrotechnic charge
typically consists of three flat annular rings:
(1) pyrotechnic heat source, (2) bimetal anode,
and (3) electrolyte-cathode. This repeating unit
is stacked in a series voltaic configuration
simply by placing the flat annular rings on top
of each other until the desired number of celis
is obtained. A heat paper strip that is easily ig-
nitable is placed in the center hole formed by
the annular rings and contacts each cell from
the top to the bottom of the stack. This heat
paper is made from zirconium and barium
chromate powders with various inorganic
fibers.32 The ash is not electrically conductive,
so the cells do not short-circuit. The heat paper
stiip ignites the main pyrotechnic heat
sources, which are the flat annular rings com-
posed cof pelletized Fe/KCIO, powder. Suffi-
cient unreacted iron remains in the annular
rings after ignition so that intercell electrical
contact is made in the seiies stack.

The amount of pyrotechnic material is ad-
justed so that the cells reach their operating
temnerature of 400 to 550 C when fired at
military ambient temperatures ranging from.
—-54 to +74 C (~65 to +165 F). Because a fixed
amount of pyrotechnic material is used for
units fired at all ambient temperatures, a wide
operating temperature range for the cells is
desirable to permit maximum cooling time
(above the freezing point of the electrolyte) at
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low ambient temperature as well as to prevent
overheating the cells when fired at high am-
bient temperature. Some heat may be stored in
fusible materials melting within the cell
operating temperature range to compensate
for heat losses and to prevent czll
overheating. 15:33-35 Exothermic chemical side
reactions within the cells themselves help to
compensate for heat losses, but can also lead
to thermal runaway.3€ The entire cell stack is
thermally insulated from its environment,
usually with asbestos, Fiberfrax, or more
recently Min-K.14.37

The bimetal anode normally consists of
calcium that has been vapor deposited on mild
steel or nickel. The calcium may also be
mechanically fixed to an inert metal backing or
simply used in sheet form. The properties and
the functioning of the calcium anode have
been the subject of many studies.3844 The
calcium must be handied in a dry room at-
mosphere to prevent oxidation or
nitridation.45-47 The relative humidity must be
less than 5 percent and preferably 1 or 2 per-
cent. The functioning of the calcium anode is
not completely understood. The generally ac-
cepted mechanism 1s shown below.

(1) Ca=Catt+2e electrochemical
anodic reaction

chemical side
reaction

(3) Ca+2L1=CaLio(mp230C) chemical side
reaction

(4) CaLip= Cat+ +2Lit + 4e electrochemical
anodic reaction

The CalLi, of reaction (4) is believed to be
the true anode of the cell. The favorable
kinetics of the calcium electrode are believed
to be due to the constant renewal of the fluid
anodic surface as new molten CaLi, forms.4! A
KCaCly film and a more diffuse Ca,CrQ,Cl film
is formed on the surface of the calcium almost
immediately after initiation,1925 and these
films are believed to prevent excessive
chemical exothermic reaction betweer. the
calcium anode and the CaCrO, dissolved in the
electrolyte.3 Temperatures above 550 C are

(2) Ca+2Lrt=Catt+2L

B




T
pille SR

usually avoided to prevent breakdown of these
films and resultant thermal runaway. Unfor-
tunately, the anodic films continue to build dur-
ing the cell lifetime in such a way that the max-
imum anodic capacity is typically limited to
about 30 percent of the anodic material
available in long life be*teries. 19

The thirr zomponent of thermal celis in
present use . the DEB electrolyte-cathode
pel. . This flat annular ring comprises pellet-
ized powders: calcium chromate depolarizer
(D)}, LICI-KCI eutectic electrolyte (E), and finely
divided silica bincer (B) thal prevents flow of
molten electralyte from the cell through use of
capillary action, The D£B powdc " is made by a
series of calcining, drying, grinding, mixing,
4nd & king procea. res.48 The DEB pellets are
usually made from a homoge reous powder,
out tw ayer DEB pellets with no calcium
creama oo layer uext to the anode also
arer ik

7 -i. dppears to be little difference in per-
formance between the two-layer and
homogeneous DEB pellets, presumab:y due to
*he solubility of CaCrQ, in the LiCI-KC! eutectic
« lectrolyte.2?7 The homogeneous DEB powder
typicallv consists of 38-percent CaCrQy,,
55-percent LiCI-KCl eutectic, and 7-percent
SiO, by weight. The powder is pelletized by us-
ing forces of several tons per square cen-
timeter. Apparent pelletized densities of 1.6 to
2.0 g/cm3 are often used, while the maximum
theoretical density, depending on the exact
chemical composition, 1s about 2.3 g/cm3.

The performance characteristics of the
DEB powders are highly dependent on the
processing parameters, the gross chemical
composition, and the type of CaCrO,
used.16:49.50 Aithough these problems are
pooily understood at present, in practice, ac-
ceptable DEB powders can usually be made
through trial and error. Homogeneity of the
powders on a microbasis and particle size
distribution of the CaCrO, may be major dif-
ficulties in DEB powder processing.'6 The ex-
act mechanism of reduction of CaCrQ, in the
thermal cell is not known and probably

depends on conditions during discharge.
Reduction from Cr({Vl) to Cr(lil) has been pro-
posed and cor‘irmed,5! as has reduction from
Cr(V1) to Cr(V) as Ca,CrO,Cl at low discharge
rates.25 Various chemical interactions be-
tween the therm.al cell components are known
to occur at the cell operating temperatures,3?
and the ax'al stack force during discharge is
known to be important.53

The basic output parameters of the
CalLiCI-KCi eutectichi,aCrO, system are listed
in the introduction with a brief comparison with
other presently used systems. The discussion
in this section should help to amplify the com-
plex nature of the technology and suggest
some of the reasons that so few elec-
trochemical systems have been used or
studied extensively for practical applications.

3. ELECTROCHEMICAL SYSTEMS
UNDER PRESENT INVESTIGATION
FOR PROPOSED FUTURE USE

A number of possibilities for improving the
present thermal battery electrochemical
systems are being investigated. These are
associated with (1) lowering the cell operating
temperature, (2) changing the cathodic
mater‘ai, (3) changing the anodic material, (4)
improving processing and implementaticn of
the basic system as it is now used, and (5)
changing the electrolyte composition to
eliminate troublesome species.

A great deal of information on molten salt
systems is available 7.8.39.54-58 However, the
mechanisms of cell behavior are complex and
incompletely undersiood. Furthermore, there
are various practical requirements such as (1)
having good chemical stability of cell com-
ponents that must also be electrochemically
active, (2) operating the cell over a wide
temperature range, and (3) obtaining known
and reproducible electrical outputs from the
cells in a research program of reasonable fun-
ding. Because of the technical complexity and
the economic requirements, innovations in
thermal cell electrochemistry have tended to
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be conservative. Of the many electrolytes that
might be chosen, for example, only the halide
systems have proved practical, and almost all
production thermal battery cells use only the
LiCI-KCI eutectic electrolyte.®

Exploratory work on radically new systems
has been done over the years and is continu-
ing.33.5963 Some of the most promising low
operating temperature systems (175 to 275 C)
are based on the NaCl-AICl; electrolyte.64
These systems have the advantage of
operating at relatively low temperatures at
which heat transfer considerations are
minimized; also, cells can be sealed more easi-
ly for high spin appiications. Cathodes of
MoCls, CuCl,, and FeCl, have been evaluated
with anodes of Li/Al, LI/Si, and Li/B by using the
NaCl-AICl, electrolyte with a SiO, binder. Prac-
tical batteries that operate at 2.5 Vicell and
150 mA/cm?2 have been reported.80

Difficulties with the system include an in-
herently narrow operating temperature range
and apparent problems with reproducibility,
electrical noise, and chemical stability. At
present, practical units made from the NaCl-
AICl; electrolyte cannot be compared directly
with practical units made from the Ca/LiCI-KCI
eutectic/CaCrO, system due to lack of suifi-
cient data on the NaCl-AlCl; systems.
However, it 2ppears that some sacrifice in per-
formance could be expected in practicai NaCl-
AICI; systems due to problems with reaction
kinetics at the lower operating temperatures.84
Other low temperature thermal battery
systems investigated to date33.59.65 have
shown slightly or significantly lower electrical
outputs than the CalLiCI-KCl eutectic/CaCrO,
system.

Higher temperature systems than those
presently in use do not appear attractive for
ordnance applications. The heat transfer and
materials problems are intensified, and elec-
trical outputs are not significantly higher for a
variety of practical reasons usually involving
increased chemical reactivity at the elevated
temperatures.8

Many systems varying slightly from the
basic Ca/LiCl-KCl eutectic/CaCrO, system are
being investigated.63.66-68 The basic system
itself has been the subject of detailed in-
vestigations for many years.14:16.18,69-71 Tyq
of the most serious problems with the Ca/LiCl-
KC! eutectic/CaCrO, system are CatLi, forma-
tion, which can result in celi short circuiting.
and KCaCl, film formation, which can reduce
output current. Both problems can be
eliminated by eliminating the caicium anode.
The most frequently investigated metheds of
eliminating the calcium ancde at present are
(1) the use of a pure lithium anode (mp 179 C)
with proper confinement techniques3.20.24 and
(2) the use of various lithium alloy anodes,
which have melting points in excess of the
maximum cell operating temperature of ap-
proximately 550 C.21-23 {jquid lithium elec-
trodes interfacing with molten salt electrolytes
can support current densities as high as 5 to
10 A/lcm? and demonstrate higher energy den-
sities than simiiarly made lithium alloy anode
batteries.® The lithium alloy anode batteries in
turn demonstrate higher energy densities than
are available from similar calcium anode bat-
teries. Energy densities of properly engireered
systems using the liquid lithium anode can be
as much as six times those available from the
Ca/LiCi-KCl eutectic/CaCrO, system.

The potential of pure molten lithium versus
the P(+2) - Pt(0) reference electrode in LiCl-
KCI eutectic at 4590 C is —3.41 V. For 20/80
weight percent Li/Al the potential is =3.11 V,
and for 33/67 weight percent Li/Si (Li, Si) the
potential is ~3.09 V v_rsus the same
reference. The total voitage span available in
molten LiCI-KCi eutectic from lithium oxidation
to chlorine reduction is 3.63 V.38 The potential
of the caicium anode in the LiCI-KCl eutectic is
difficult to define because of the CaLi, forma-
tion, but probably lies near the potental for
pure lithium.

Sandia Laboratories of Albuquergue, NM,
Fas investigated the lithium alloy anode ap-
proach extensively for primary thermal bat-
teries,22.23.72-75 and Argonne National
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Laboratory of Argonne, IL, has investigated
the same approach in terms of secondary bat-
teries for vehicular propulsion and load level-
ing applications.’6-81 The Naval Surface
Weapons Center of Silver Spring, MD, has
worked with lithium-boron alloys for primary
thermal batteries.21.82.83 A number of basic
studies of lithium and its alloys in molten salts
are reported in the literature.84-89

The above laboratories have all used LiCi-
KCl eutectic as the electrolyte and FeS, as the
cathodic matenal in their batteries. Lithium
has been shown to interact chemically with
LICi-KCI eutectic melts.8% The FeS, cathodic
material reacts vigorously with the lithium and
Iithium alloy anodes at elevated temperature
and must be separated from the anodes with a
special electrolyte-separator layer to prevent
chemical reaction. A major advantage of FeS,
as a cathodic material is that FeS, is insoluble
in molten LICI-KCI eutectic and, hence, cannot
diffuse to the anode and cause chemical short
circuiting. Unfortunately, FeS, is subject to
thermal decomposition at elevated
temperatures. Under a nitrogen atmosphere,
thermal decomposition of FeS, was observed
at temperatures as low as 400 C.3 The resul-
tant free sulfur could be expacted to react
vigorously with the lithium

The lithium alloy-iron disulfide thermal
cells have low cell voltages (1.8 Vicell at 50
mA/cm?2). Higher cell voltages would greatly
enhance miniaturization characteristics for
short hfe applications.

To illustrate the potentialities of this type
of system, some characteristics of the
LiSI/LICI-KC! eutectic-MgO/LiICI-KCI eutectic-
Si0,-FeS, system?2 are described below. This
system was tested extensively at the Sandia
Laboratories in the form of a 28-V, 0.5-A
primary thermal battery in a volume of 400 cm3
(7.6 cm in diameter and 9 cm long) with a
lifetirne of 50 to 60 min when fired at room
temperature. The thermal insulation used was
Min-K,37 which is high in cost and one of the
most efficient thermal battery insulators com-
mercially available. The individual cells each

10
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consisted of six flat discs: (1) cathodic current
collector, (2) cathode, (3) electrolyte-separator,
(4) anode, (5) anodic current collector, and (6)
pyrotechnic heat source.

The discs were 5.1 cm in diameter, so the
cell area was 20.4 cm?, and the total height of
each six-disc cell was 0.38 cm. The collectors
(discs 1 and 5) were cut from a 304 or 321
stainless steel sheet. The cathode (disc 2) was
a homogeneous pelletized powder mixture
comprising 64/16/20 weight percent
FeS,/E/EB, where E is a LICI-KCI eutectic elec-
trolyte and EB is a separately processed mix-
ture of 88 weight percent LiCi-KClI eutectic and
12 weight percent finely divided SiO,. The
electroiyte-separator (disc 3) consisted of a
65/35 weight percent mixture of a LiCI-KCl
eutectic electrolyte and a MgO binder and also
was a homogeneous pelletized powder. The
MgO binder must be used next to the lithium
anode, even though it is a less effective binder
than the SiO,, in order to prevent chemical
reaction of the lithium alloy anode with SiO, at
elevated temperatures. The lithium silicon
anode (disc 4) consisted of a 45/55 weight per-
cent Li/Si pelletized powder, and the
pyrotechnic heat source (disc 6; consisted of
88/12 weight percent Fe/KCIO, homogeneous
pelletized powder.

For the 15-cell battery, the peak voltage
was 30.6 £ 0.6V, or 2.04 + 0.04 V/cell across a
56-ohm load. The current was 0.5 Aat28 V or
24 mAJcm? of cell area. Lifetime and time to
activation were both measured to 75 percent
of peak voltage or 23 V. Activation time to 23 V
was 1.4sat—-50C, 1sat+25C, and 0.7 s at
+75 C. Lifetime to 23 V varied from 34 min at
=50 C to 38 min at +75 C with a maximum of 58
min at +48 C Such behavior indicates a near
optimal heat balance for the system. Batteries
fired at temperatures of >50 C resulted in inter-
nal cell temperatures that exceeded 2525 C
and produced shortened cell lifetime. The
reproducibility of the electrical output for this
system was decidedly better than that of

previous long life thermal battery sys-
tems14.36,72
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A slightly larger version of this battery, still
7.6 cm in diameter, but 10.2 cm instead of 3
cm long and with slightly thicker cells,23 was
fired at room temperature at current densities
ranging from open circuit to 1000 mA/cm? and
gave the following peak voltages normalized to
peak voltage per cell:

Current Peak

density voltage
{mAfcm?2) )

Cpen circuit 217

25 2.00

50 2.00

75 1.93

150 1.87

500 1.67

1000 1.56

A voltage spike on init'ation of 0.2 Vicell was
observed at open circuit. At current densities
ranging from 25 to 75 mA/cm?, the vcitage
spike was 0.1 V/cell; at current densities of 150
mAJcm?2 and above, the voltage spike was in-
significant. This initial voltage spike is
characteristic of the system and is believed to
be associated with surface impurities in the
FeS, cathode.”>

While the battery was operating at its nor-
ma!l rate (24 mA/cm2), pulse currents were
drawn through a 1-ohm resistive load. The
pulses were applied at 60-s intervals and were
of 90-ms duration. Pulse currents were above
1200 mAJecm?2 with 3-V polarization (such as 29
to 24 V), and recovery to the original voltage
was rapid.72 This level far exceeds the pulse
capabilities of the Ca/LICI-KCl eutqctic/CaCrog
system, in which pulse currents of 120 mA/cm
often result in severe polarization, depending
on the operating conditions and the processing
techniques.69 Batteries operating under a con-
tinual heavy load showed good perfurmance.
The nominal 500-mA/cm? batteries operated at
8 A for approximately 10 min.
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The performance data above indicate a
reliable, high current and onergy density
system. The high chemical reactivity of lithium
and its alloys will cause many problems and in-
crease costs, but the problems do not appear
insoluble. The miniaturization of the system for
short life applications (< 5 min) has not been
demonstrated.

4. CALCIUM ALLOY ANODE

The preceding sections should help ta ex-
emplify the experimental complexity of tharmal
cell electrochemistry and -emonstrate the
reasons for the severe fimitations on the
number of electrochemical systers that have
been successful. The basic problem is
kinetics. Materials must be found that are elec-
trochemically active over a wide operating
temperature range (400 to 550 C), vyet
chemically stable over the same range as well
as at lower temperatures encountered during
storage (—54 to +74 C) for extended periods
(25 years) and that can be fabricated at or-
dinary room temperature without prohibitively
expensive environmental control.

The kinetics of chemical reactions can be
influenced to a marked degree by catalytic
agents, local temperature changes, locai sur-
face conditions, impurity types and amounts,
and other similar factors so that accurate
prediction of reaction rates is difficul.. For ex-
ample, rates of reactions between metals and
gases, an impcortant consideration for storage
and handling, have been reported to differ by a
factor of seven by the same investigators using
identical experimental techniques.45.90.81 The
problem of obtaining CaCrO, that shows
reproducible electrochemical kinetic behavior
has already been mentioned.'®70 in the
absence of a comprehensive theoietical or
empirical framework, deviations from proven
systems such as Ca/LiCI-KCl eutectic/CaCrO,
must be considered carefully; radically new
systems are almost certain to require many

11
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years c* research and development before
they are adequately characterized.

The major improvements that could te
made on the most successful electrochemical
system to date, the Cal/lLiCI-KCI eutec-
tic/CaCrO, system, are the elimination of CaLi,
(mp 230 C) formation, which can cause elec-
trical short circuiting during operation, and the
elimination of KCaCl; formation, which limits
current and coulombic capacity. The proposed
new systems based on lithium or lithium alloy
ancdes do, in fact, eliminate these problems
but show low cell voitages, greater celi com-
plexity, and more processing and storage
problems due to the high chemical reactivity of
lithium.

The use of anodes made from calcium
alloys might eliminate the major problems of
both the present pure calcium anode system
and the proposed lithium anode sysiems. The
rate of tormation of Cali, could be reduced to
an acceptable level by Le Chatelier's Principle
simply by recucing the amount of calcium in
the anode. It is also possible that Cal.i, forma-
tion might be eliminated completely by use of
calcium alloy anodes of lower free energy than
pure caicium in the LIiCI-KCl melt,40.86.92,93
although some Cali, may be necessary for
proper cell operation.4? Lithium alloy anodes
have been shown to function properly over a
wide range (280 percent) of chemical composi-
tion in thermal cells.23.86.87 Diffusion of
calcium through the solid alloy will be less than
for lithium, but formation of moiten Cali,
should aid in calcium transport. Operation over
a wide composition range is essential for long
life allcy anodes as active material is con-
sumed. At present, most HDL fuzing applica-
tions use only 2 to 5 percent of the available
anodic material, so this problem should be
minimal.

Unfortunately, a purely theoretical study of
the alloy anode problem is severely limited
because of the difficuity of defining 1he actual
mechanisms involved and the actual ex-
perimental conditions under which they occur.

" ey RGN 5 B g

For example, the onidation potential of calcium
in LiCY-KCI eutectic has bzen postulated to lie
above that of lithium in 9:der to account for
CaLi, formation, '8 while caiculations from the
free energies of the halides of the coriespon-
ding metals indicate that the oxidation poten-
tial probably lies below the lithium poten-
tial.8.94 The exact anodic reaciion mechanism
is simply not known. In most attempts to define
an experimental emf series in molten LiCI-KCi
eutectic,8:9% calcium is omitted, regardless of
its great importance in therma' cell elec-
trochemistry.

Although the limitations of rheoretical
calculations must be recognized, it must also
be remembered that intelligent app:ication of
theory to well-defined situations can permit the
legitimate exclusion of large aress of ex-
perimental work that might otherwise appear
necessary. Phase equilibria and other data on
many alloy$6-98  and molten salt
systems?.8.39.54-58 necessary for such calcula-
tions are available. Thermodynamic properties
of the calcium alloy anodes can be calculated
from emf data.86.99-104 Other methods include
partial pressure measurements, equilibrium
measurements of exchange reactions, and
thermodynamic evaluation of the phase
diagrams.40.93.105 Metals tr.ai form alloys with
calcium melting above 600 C might be suitable
for the calcium alloy anode:

Aluminum Manganese
Barium Silicon
Bismuth Strontium
Cadmium Thailium
Copper Tin

Indium Titanium
Lanthanum Zinc

Lead

Factors such as cost, chemical reactivity, and
toxicity must be considered when metals are
selected for experimentation.

These molten salt eutectics would exciude
notassium ions in order to permit larger cur-
rent drain than at present:”?

12
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CaCl,-LiINO;  mp 320 C would be enhanced by any decrease in
LiCI-LiF-Lu mp 341.1 C chemical reactivity of the alloyed calcium.
LICILi,CrO, mp 350 C

LiBr-Lil-LiCl mp 357 C 5 NCLUS S

LiBr-LiF-Lil mp 367 C - CONGLUSION

LICH-Lil mp 368.3 C The CalLiCI-KC| eutectic/CaCrO, system
L!Br",;'2gr 0, mp370 C presently used in thermal battery ordnance ap-
LiCI-PbCrO,  mp 388 C plications has been used extensively and suc-
L!(F:"F,'bcb mp 400 C cessfully for many years. The major problems
LiFLil mp 411 C with this system are CalLi, formation, which
L!gr-L|Cl-L|F mp 430 C can cause cell short circuiting, and KCaCls film
t:FrHI;E 22 zgg g formation at the anode, which limits current

This list is not meant to be inclusive, but to il-
lustrate the number of sysiems that have
lithium ions available for some CaLi, formation
it necessary and at the same time have no
pctassium ions, a low melting point, and
chemical similarity to the present LiCI-KCI
eutectic-CaCrO, clecirolyte-cathode system.
Many descriptions are available of reference
electrodes and electrochemical measurement
techniques required for workirg witl the above
types of molten salt systems, 106108

The basic intent in introducing the calciurn
alloy anode is to eliminate cell short circuiting
due to CaLi, (mp 230 C) formation. If the anod<
is used with electrolytes that do not include
potagsium ions, larger currents might be
drawn than at present since KCaCl, films can-
not form. If successful, such systems would
solve the major problems of the present pure
calcium anode systems and, in addition, retain
the advantages of the pure calcium anode
systems of high cell voltage, construction
simplicity, and ease of handling without in-
troducing the problems of chemical reactivity,
low cell voltage, handling difficulties, and cel!
and processing complexity associated with the
pure lithium and lithium alloy anode systems.
Much of the work done during the past 25
years on the Ca/LiCl-KCl eutectic/CaCrO,
system would still apply since the change in
the system is minimal, and the anode materials
problems should be eased slightly since the
chemical reactivity of the alloyed calcium
should be less than that of pure calcium.
Future work on improved cathodic materials

and coulombic capacity.

Proposed new systems such as LiSi/LiCI-
KCI eutectic-MgO/LICI-KCI eutectic-SiO,-FeS,
eliminate both major problems of the Ca/LiCl-
KCl eutectic/CaCrO, system, but introduce
new piobiems of low cell voltage, cell and
processing complexity, and harndling and
storage difficulties. Most of these problems are
caused by the high chemical reactivity of
lithwim. The miniaturization of lithium anode
cells has not beerr demonstrated.

A calcium alloy anode system used in con-
junction with moiten salt electrolytes that do
not contain potassiwum tons may be an alter-
native solution to both major problems of the
Ca/LiCiI-KCi eutectic/CaCrO, system. The
calcium alloy anode would not cause the
problems related to chemical reactivity that
the lithium or lithium alloy anodes cause;
materic 3 problems might be eased slightly if
the calcium alloy were less reactive than pure
calcium. The calcium alloy anode system is a
small variation from the present pure calcium
anode system, and its use permits application
of many previously proven materials anc
techniques. Operation of calcium alloy anodes
over a wide range of calcium composition has
not been demonstrated.

Because of their proven capabilities, the
lithium and iithium alloy anode systems should
be investigated in terms of a development fuz-
ing program. Pariicular attention should be
paid to the miniaturizarion of these systems.
The calcium alloy anode systems should be
researched.
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